The Dhaka and Maya mud volcanoes (MVs), located in the Mud Diapir Province in the Western Alboran Basin along the Moroccan Coasts, were cored during the TTR-17, Leg 1 cruise. Cores were taken on the top of the volcanoes at a water depth of 370 m on the Dhaka MV (core TTR17-MS411G) and at 410 m water depth on the Maya MV (core TTR17-MS419G), respectively. On both mud volcanoes the extruded mud breccia provides the nucleation point for the colonization and development of cold-water corals and associated ecosystems. Two phases of cold-water coral growth are observed: (1) between slightly older than 4175± 62 years BP and around 2230± 59 years BP at Dhaka, and (2) between slightly older than 15583 ± 185 years BP and around 7613 ± 38 years BP at Maya MV. On the top of the Maya MV only a small patch reef and/or isolated corals proliferated, whereas a more extended patch reef colonized the top of the Dhaka MV. At both sites the cold-water coral development was triggered by the availability of a suitable substrate for initial coral settling, provided either as a firm ground or as single clasts. Subsequently coral growth was supported by enhanced nutrient flux possibly related to upwelling and/or strong currents. During the intervals of coral growth planktonic foraminiferal assemblages were dominated by Neogloboquadrina incompta. The decline of coral ecosystems on the mud volcanoes is accompanied at surface by a shift from the N. incompta dominated assemblage to a Globorotalia inflata dominated assemblage, possibly reflecting more oligotrophic conditions. This shift is coeval to the passage from wet to arid conditions at the end of the African Humid Period at Maya MV. It is interpreted as an effect of an early human impact on a fragile environment, which was already stressed by desiccation at the time of the development of complex human society along the Mediterranean coasts, at Dhaka MV.
Introduction
Mud volcanoes and mud diapirs are common features in the Alboran Sea in the Western Mediterranean (e.g., Sautkin et al., 2003) and along the Atlantic margin of the associated Gulf of Cadiz (e.g., Pinheiro et al., 2003; Somoza et al., 2003; Fernandez-Puga et al., 2007) . Mud volcanism and associated phenomena such as cold seepage, hydrocarbon venting and gas hydrates in the Gulf of Cadiz have been investigated since 1996 (Baraza and Ercilla, 1996; Baraza et al., 1999; Ivanov et al., 2000 Ivanov et al., , 2001 Somoza et al., 2000; Gardner, 2001; Kenyon et al., 2001; Mazurenko et al., 2002; Pinheiro et al., 2003) . An exploratory cruise of R/V Belgica in 2002 on an accretionary setting in the Gulf of Cadiz (Gutscher et al., 2002) off Larache (Morocco), led to the discovery of a cluster of nine mud volcanoes: the El Arraiche mud volcanoes field (Van Rensbergen et al., 2005) . These structures occur in close association to cold-water coral carbonate mounds, which are up to 60 m high and located in water depths of 500-600 m on the Pen Duik Escarpement (Van Rensbergen et al., 2005; Foubert et al., 2008; Wienberg et al., 2009) .
The existence of mud volcanoes in the Alboran Sea was first documented in 1999 during the UNESCO-IOC Training Through Research Program (TTR-9) Leg 2 along the Moroccan margin. A further survey carried out in 2002 with the R/V Logachev during TTR-12 Leg 3 revealed the existence of mud volcanism along both Spanish (Northern Mud-Volcano Field) and Moroccan (Southern Mud-Volcano Field) margins of the West Alboran Basin. Additional mud volcanoes were discovered during the TTR-14 campaign between the northern and southern mud-volcano fields (Comas et al., , 2003a Sautkin et al., 2003; Talukder et al., 2003; Comas and Ivanov, 2006) . In 2007, a cruise of the R/V Hesperides focusing on mud volcanoes in the Alboran Sea (Comas and Pinheiro, 2007) unveiled an outcropping mound province off Melilla, which displays striking affinities with the Cadiz cold-water coral carbonate mounds and with those discovered in the North Atlantic (e.g., Henriet et al., 1998) . The Melilla field was cored for the first time in June 2008 during the TTR-17 cruise (Comas and the SAGAS08-TTR17, Leg 1-Scientific Party, unpublished). During the same cruise mud volcanoes from the southern part of the Alboran Sea were also cored. A few cores contained intervals characterized by cold-water coral fragments. Coldwater corals have been identified in the Mediterranean Sea since the 60s (see McCulloch et al., 2010 and reference therein). However, only recently their full extent and distribution has been mapped. McCulloch et al. (2010) have compiled a data set summarizing the occurrence of cold-water coral from the Eastern to the Western Mediterranean according to their age and paleoenvironment. In this study, the westernmost analyzed cores were in the Eastern Alboran Sea. Therefore, a few data are presently available for the Western Alboran.
This study aims to investigate the sedimentary sequence deposited on the top of Dhaka and Maya MVs in the Alboran Sea (Fig. 1) , to reconstruct the paleoceanographic setting and to identify a possible causal link between cold-water coral growth and the mud volcanoes activity.
Regional setting
The Alboran Sea is a 400 km long and 200 km wide basin with a water depth not exceeding 2 km, located in the westernmost part of the Mediterranean Sea (e.g., Comas et al., 1999) . Its complex seafloor morphology shows ridges, seamounts and troughs and it is divided in three sub-basins: the West Alboran, the East Alboran and the South Alboran Basins (Fig. 1) . The West Alboran and the South Alboran Basins are separated by the Alboran Ridge, a prominent NE-SW linear relief, locally forming the small Alboran Island.
The formation of the Alboran Basin as part of the Gibraltar Arc started in the late Cretaceous as a consequence of crustal extension in a setting of overall convergence of the African and Eurasian plates that have had variable directions of relative motion since the late Cretaceous (e.g., Dewey et al., 1989) . Seismic data show that present-day plate tectonics contribute to the actual deformation of the Alboran Basin (e.g., Fernández-Ibáñez et al., 2007 and references therein; Frizon de Lamotte et al., 2006) . Early Miocene under-compacted shales and olistostromic sediments mobilized by fluid flows in a back-arc basin setting characterized by coeval extensional tectonics have been suggested as the source layer for the Mud Diapir Province in the Western Alboran Basin, which during the post-Messinian compressive tectonics developed piercing diapirs and subsequent mud volcanoes (Comas et al., 1992 (Comas et al., , 1999 Comas et al., 1992; Chalouan et al., 1997; Pérez-Belzuz et al., 1997; Sautkin et al., 2003; Talukder et al., 2003) .
The Alboran Sea represents the transitional zone between Atlantic (AW, cold, low saline and nutrient-rich) and the Mediterranean (MW, warmer and with higher salinity) type water. Air-sea interaction processes modify the AW while it flows at the surface from west to east and give origin to the Modified Atlantic Water -MAW (Millot, 2009) . Levantine Intermediate Water (LIW) generated in the Eastern Mediterranean Sea, flows in the opposite direction below the MAW. Western Mediterranean Deep Water (WMDW), fills the deepest part of the basin (e.g., Jimenez-Espejo et al., 2008 and references therein) .
The hydrography is also controlled by local winds, which are a direct consequence of atmospheric pressure gradients between the Western Mediterranean and the Gulf of Cadiz (e.g., García Lafuente et al., 2002) . Changes in the water flow through the Strait of Gibraltar are modulated by this wind forcing as suggested by García Lafuente et al. (2002) . Wind forcing also regulates the formation of gyres within the Alboran Sea and the transportation of atmospheric dust and moisture (e.g., Bucca and Kinder, 1984; Rodriguez et al., 2001; Jimenez-Espejo, et al., 2008) .
The recent Mediterranean Sea is overall oligotrophic (Cruzado, 1985) . However, one of its highest productivity areas is in the Alboran Sea where it is associated to upwelling triggered by the hydrological structure of surface waters (Morel, 1991) . The Atlantic inflow and the eolian and fluvial influxes are also responsible for nutrient transport into the Alboran Sea (Dafner et al., 2001 ).
Dhaka and Maya mud volcanoes
The Dhaka and Maya MVs are located in the Mud Diapir Province in the Western Alboran Basin (35°25.43′ N; 04°31.89′ W and 35°27.11′ N; 04°37.14′ W respectively) offshore the Moroccan coast. The Dhaka mud volcano is a semi-circular structure with a diameter of about 1 km. The Maya MV is elongated in an E-W direction and about 120 m long. Cores were taken on the top of the volcanoes at a water depth of 370 m on the Dhaka MV (TTR17-MS411G) and at 410 m water depth on the Maya MV (TTR17-MS419G) ( Fig. 1 ; Table 1 ).
The sedimentary succession cored at the Dhaka MV includes from top to bottom a hemi-pelagic drape (0-30 cm), a cold-water coral fragments-rich unit (30-60 cm), a mud-breccia layer (60-145 cm), and possibly a lowermost level of pelagic sediments mixed with the mud breccia (from 145 cm to the base of the core). The mud breccia is represented by a stiff clayey matrix containing clasts, up to 20 cm in size of marls and lithified and semi-lithified clays.
The succession cored at the Maya MV includes, from top to bottom, a hemi-pelagic drape (0-95 cm), a cold-water coral fragments-rich unit (95-125 cm), and a mud-breccia layer (125 cm to the base of the core) composed of clasts of marls and lithified clays, up to 3 cm in size, embedded in a stiff clayey matrix. Both volcanoes are presently not active as testified by the presence of a pelagic drape on their top.
Material and methods
The hemi-pelagic drape has been sampled at 5 cm resolution (Dhaka) and 2 to 10 cm resolution (Maya) for planktonic and benthic foraminiferal investigations. Samples for micropaleontological analyses were processed following standard procedures (e.g., Spezzaferri and Coric, 2001 ), dried at room temperature, weighted and washed through 250 μm, 125 μm and 63 μm mesh sieves. Residues of the obtained three size fractions were dried at room temperature and weighted. About 200 specimens per fraction (600 specimens per sample) were picked, and classified at species level. Residues containing more than 300 specimens were split. Samples containing less than 100 specimens per fraction were fully analyzed. Benthic and planktonic foraminiferal species are listed in Appendix A.
A multivariate statistical treatment on faunal data was performed with the software PRIMER 6 (Clarke, 1993; Clarke and Warwick, 2001; Clarke and Gorley, 2006) . Data have been double-square root transformed to limit the contribution of the most abundant and ubiquitous species (Field et al., 1982) . Bray-Curtis (dis-) similarities were calculated following Clifford and Stephenson (1975) . The same similarity matrix was used to obtain the non-metric MultiDimensional Scaling (nMDS plot) (Kruskal, 1964; Kruskal and Wish, 1978) . The significance and potential of the nMDS plot has been discussed in detail in Spezzaferri and Coric (2001) and Margreth et al. (2009) . Based on the clusters given in the nMDS plot, the Similarity Percentage Analysis (SIMPER) was obtained to highlight the contribution of each species to the total average (dis-) similarity between different groups and within one group (e.g., Kruskal, 1964; Kruskal and Wish, 1978; Basso and Spezzaferri, 2000; Clarke and Warwick, 2001) . Quantitative data of benthic and planktonic foraminifera used for the multivariate statistic are given in Appendix B.
The chronology of the two cores retrieved from Dhaka and Maya MVs (TTR17-MS411G and TTR17-MS419G, respectively) is based on 8 AMS 14 C ages ( (Siani et al., 2000) was subtracted to the obtained radiocarbon conventional ages, which were calibrated using the program Calib 5.1 (Stuiver and Reimer, 1993) .
Stable oxygen and carbon isotope analyses (δ
18
O and δ
13
C) on about 5-10 specimens of Discanomalina coronata were performed on 3 samples from the coral-rich level of the Dhaka MV (Table 3) . These isotope ratios were measured on a Finnigan MAT 252 mass spectrometer with a Kiel II preparation device at the IFM-GEOMAR, LeibnizInstitute of Marine Sciences (Kiel University). The reproducibility was ± 0.035‰ for δ 
Results

Micropaleontology
A hemi-pelagic unit and a cold-water coral fragments-rich unit on top of the mud breccia characterize both Dhaka and Maya MVs. The hemi-pelagic sediments at Dhaka MV (0-30 cm) and at Maya MV (0-95 cm) yield very similar foraminiferal assemblages. Planktonic species include very abundant Globorotalia inflata, Globigerinoides spp., Turborotalita quinqueloba and Globigerinita glutinata while benthic foraminifera are mainly represented by species such as Globocassidulina subglobosa, Uvigerina mediterranea, Cassidulina carinata, and Bolivina difformis (Appendix A).
The cold-water coral fragments-rich unit at both mud volcanoes is dominated by the planktonic species Neogloboquadrina incompta, Turborotalita quinqueloba and associated less abundant Globigerinita glutinata and Globigerina bulloides. In this unit, epifaunal-attached benthic foraminifera are abundant and consist of Discanomalina coronata, Cibicidoides pachyderma, Cibicidoides sp., Angulogerina angulosa, and Lobatula lobatula (Appendix B). The samples also contain fragments of cold-water corals attributed to Madrepora oculata, Lophelia pertusa and to the solitary species Desmophyllum sp. and/or Dendrophyllia sp. (Plate 1).
Quantitative and statistical analyses
Quantitative analyses of planktonic and benthic foraminifera were performed on samples from the hemi-pelagic drape and the coral-rich unit of both mud volcanoes to evaluate species abundance and diversities (Fig. 2) .
Planktonic foraminifera (Dhaka MV) -a clear positive peak of abundance (almost 50%) is observed for N. incompta at about 50 cm ( Fig. 2A) within the interval containing coral fragments. Abundance of C dating on planktonic foraminifera G. inflata. Calibration using the software Calib 5.1 (Stuiver and Reimer, 1993) . A reservoir effect of 400 years was subtracted (Siani et al., 2000) . G. inflata increases from 45 cm upwards to over 30% in the upper part of the core with a negative peak (10%) at 35 cm. In the hemi-pelagic sediments above the coral-rich interval the abundances of N. incompta and Globigerinoides spp. remain below 10%. Benthic foraminifera (Dhaka MV) -in the interval containing also coral fragments D. coronata is more abundant (around 15%; Fig. 2B ). From the base of this interval to the top of the core, the abundance of G. subglobosa increases from a minimum of around 10 to 25%, respectively. U. mediterranea also increase in abundance but never exceeds 10%.
Planktonic foraminifera (Maya MV) -the lower abundances of G. inflata and Globigerinoides spp. are observed in the level containing also coral fragments (Fig. 2C ), whereas N. incompta is very abundant (maximum value 40%). At about 85 cm, the curves of the three species reverse their trend: G. inflata becomes abundant (almost 30%) while N. incompta and Globigerinoides spp. never exceed 15%, showing a strict resemblance to the trend of the same species at Dhaka mud volcano.
Benthic foraminifera (Maya MV) -D. coronata is rare but present (1%) only in the coral-rich level in this core (Fig. 2D ). G. subglobosa increases in abundance from the base of the coral-rich horizon (7%) to the top of the core (22%). Uvigerinids are not abundant, the highest abundance of U. peregrina (around 15%) is observed at the top of the coral-rich level.
To highlight patterns of community structures that are not clear and/ or readily apparent and to characterize changes in the assemblage structures and relate them to changing environmental conditions, complete foraminiferal data sets were statistically treated. The multivariate statistical analyses including agglomerative clustering based on the Bray-Curtis similarity are shown in Fig. 3 . Two clusters separate for planktonic and three clusters for benthic foraminifera as shown in the nMDS plots (Fig. 3 ). Species and groups accounting for the average similarity and dissimilarity in all clusters are listed in order of decreasing contribution in Tables 4-7.
AMS 14 C dating and sedimentation rate
The results of the AMS 14 C dating are reported in Table 2 . The sediments from Core TTR17-MS411G (Dhaka MV) yield ages ranging from 4346 ± 60 years at the bottom (at 150 cm) to 689 ± 27 years at the core top. Two samples at 55 and 35 cm containing coral fragments yield ages of 4175 ± 62 years BP and 2230 ± 59 years BP, respectively (Table 2 ). In Core TTR17-MS419 G (Maya MV) a sample at 115 cm containing coral fragments yield an age of 15583± 185 years BP. The core top is dated as old as 1013 ± 40 years BP. A sample at 98 cm containing coral fragments yield an age of 7613 ± 38 years BP ( Table 2) . The sample taken from the hemipelagic drape at 25 cm is dated at 2059 ± 53 years BP. Based on these dates the linear sedimentation rates for the two sites were determined as illustrated in Fig. 4 . Lower sedimentation rates of 10.3 cm kyr − 1 and 2.1 cm kyr − 1 correspond to the cold-water coral-rich layers. Higher rates of sedimentation (22.7 cm kyr − 1 and 23.9 cm kyr − 1 ) are observed for the hemipelagic drape at Dhaka MV between 0 and 35 cm and at Maya MV in the uppermost 25 cm of the hemipelagic part, respectively.
Discussion
In the Gulf of Cadiz fossil scleractinian corals presently cover more than 20 mud volcanoes Somoza et al., 2003; Fig. 2 . Relative abundance of the most significant planktonic (A/C) and benthic (B/D) foraminiferal species for the two investigated cores. Shaded areas: G. inflata period in the planktonic foraminiferal assemblage; striped areas: D. coronata period in the benthic foraminiferal assemblage; patterned areas: mud breccia level. Wienberg et al., 2009 ). Some of them are located along the Spanish margin in water depths between 530 and 1100 m, others are present along the Moroccan margin in a larger water depth range of 420 to 1300 m (Wienberg et al., 2009) . Fossil cold-water corals were also documented in the Strait of Gibraltar (Alvarez-Péréz et al., 2005) . However, hardly any detailed study about sedimentary sequences containing fossil cold-water corals from tops of Alboran mud volcanoes was available prior to TTR-17-Leg 1 (Ivanov et al., 2009) .
The sediment intervals containing cold-water coral fragments overlay the extruded mud breccia in the Dhaka and Maya MVs. Lacking detailed sedimentological analyses, planktonic and benthic foraminifera faunal assemblages are used to reconstruct the environmental and paleoceanographic settings. Data are compared with existing studies on modern foraminiferal assemblages from cold-water coral reefs and the periods of coral growth and demise on the mud volcanoes in the western Alboran Sea are discussed in relation to published coral ages of that region.
Similarities and differences of faunal assemblages between the fossil mud volcano coral reefs, Atlantic and Mediterranean coral reef settings
The distribution pattern of the benthic foraminiferal assemblages in samples from Maya and Dhaka MVs is consistent with the distribution pattern observed in the cold-water coral mounds offshore Ireland. There, benthic foraminiferal assemblages provide an independent tool to identify and describe the different facies related to cold-water coral mounds in the Porcupine Seabight and at the Rockall Bank (Margreth et al., 2009) . In particular, the species Discanomalina coronata, associated with other epi-and infaunal species, was identified as a bioindicator for cold-water coral ecosystems, as they typically occur in the living and dead cold-water corals and sandwave facies, while uvigerinids act as an indicator for off-mound sediments (Margreth et al., 2009 ). In the sediments from Maya and Dhaka MVs, D. coronata and the associated benthic assemblage are consistently present in association with coral fragments ( Fig. 5 ; Appendices A and B). The sediments above and below the coral fragment-bearing layer contain the typical off-mound associated benthic foraminiferal assemblage described for the Porcupine Basin and Rockall Bank, which is not abundantly present in the coral-rich levels. A transport or erosion of coral fragments from higher levels can be excluded or occurred only on small, dm-scale, as the sediment cores were recovered from top of both mud volcanoes. This Table 4 List of planktonic foraminiferal species and statistical parameters associated with the similarity in cluster I to II. Average similarity within the group of station, average abundance, average similarity, contribution (%), and cumulative contribution (%) are given for each species with respect to the total similarity for each cluster. Table 5 List of planktonic species and statistical parameter associated with the dissimilarity between each pair of clusters I to II. The average dissimilarity is shown. For each species the average abundance, average dissimilarity, contribution (%), and cumulative contribution (%) to the total similarity are also given. indicates that the corals were living in situ on top of the mud breccia. The fragmentation of the corals may be a later effect of bioerosion (e.g. Beuck et al., 2010) and/or a change in ambient chemistry associated with burial leading to partial dissolution of aragonite, which was also related to the strong alteration and dissolution of coral fragments sampled at various sites in the Gulf of Cadiz (Kopf et al., 2004; Foubert et al., 2008) . The basic requirements for the settlement and growth of cold-water corals are suitable substrates, supply of nutrients and low sedimentation rates in a hydrodynamic environment with long and stable (cool) water temperature conditions (e.g., Frederiksen et al., 1992; Rogers, 1999; De Mol et al., 2002; Freiwald, 2002; Freiwald et al., 2004; Alvarez-Péréz et al., 2005; Roberts et al., 2006) . Recently, Dullo et al. (2008) documented that cold-water corals in the Atlantic can adapt to a wide range of environmental conditions (temperature, salinity, dissolved oxygen) but they only thrive in seawater densities (sigma-theta, σ Θ ) between 27.35 and 27.65 kg m − 3 . The limiting density in the Mediterranean Sea is 29.1 0.03 kg m − 3 ). This
Mediterranean seawater density value comprises the boundary between light and dense Mediterranean Water at 29.08 kg m − 3 (Millot, 2009 (McCulloch et al., 2010) . At the mud volcanoes in the Alboran Sea, the availability of similar substratum, low sedimentation rates, relatively long duration of stable environmental conditions and similar density values seem to be a common feature. León et al. (2007) suggested that colonization of mud volcanoes by non-chemosynthetic organisms such as corals might be related to periods of slow seepage activity inducing the formation of carbonate crusts. Sediment cores from various mud volcanoes in the Gulf of Cadiz show sequences of mud breccia with intercalation of intervals rich in cold-water coral debris (Akhmetzhanov et al., 2007; Foubert et al., 2008) . However, no carbonate crusts are observed in the cores from Dhaka and Maya MVs. Sediment cores from IODP Expedition 307 also indicate a firm ground being suitable as substrate for coral growth initiation (Ferdelman et al., 2006) . Furthermore, in the northern Ionian Sea of the Mediterranean, the Lophelia reefs off Santa Maria di Leuca are another example of successful colonization of a prevalently non-rocky substratum on a gently sloping margin (Taviani et al., 2005) , indicating that suitable substrates are not necessarily "hard" or solid. Therefore, also at Dhaka and Maya MVs lithified and semi-lithified clay clasts of the mud breccia may have acted as nucleation points and suitable substrate for cold-water coral colonization (Fig. 2 ).
An elevated position is additionally of importance for these structures to facilitate the development of coral reefs (Masson et al., 2003) . AMS 14 C dates indicate that the duration of cold-water coral colonization may have lasted around 2000 years at Dhaka and 7000 years at Maya MV according to the distribution of coral fragments and typical cold-water coral-associated benthic foraminiferal fauna (Figs. 5 and 6 ). These time spans appear to be long enough for allowing the stabilization of the favorable paleoceanographic conditions that concurred to the colonization of the newly suitable substratum offered by the extruded mud breccia and to the consequent coral development. Low sedimentation rates due to stronger currents are one of the favorable factors for coldwater coral ecosystem development, as corals must sufficiently keep-up with hemipelagic sedimentation Dorschel et al., 2005; Rüggeberg et al., 2005 Rüggeberg et al., , 2007 . In both mud volcanoes the coral-rich layer correspond to lower sedimentation rate values, e.g. 10.3 cm kyr − 1 for Dhaka and 2.1 cm kyr − 1 for Maya MV, respectively (Fig. 4) . Table 6 List of benthic foraminiferal species and statistical parameters associated with the similarity in clusters 1 to 3. Average similarity within the group of station, average abundance, average similarity, contribution (%), and cumulative contribution (%) are given for each species with respect to the total similarity for each cluster. Table 7 List of benthic species and statistical parameter associated with the dissimilarity between each pair of clusters 1 to 3. For each pair of clusters the average dissimilarity is shown. For each species the average abundance, average dissimilarity, contribution (%), and cumulative contribution (%) to the total similarity are also given. 
Periods of cold-water coral development on mud volcanoes in the Alboran Sea
A preliminary indication of similarity between the paleoceanographic conditions during the deposition of the sedimentary succession on top of the mud breccia of both mud volcanoes is given by the nMDS plots obtained with multivariate statistical analysis of the foraminiferal data set. In particular a G. inflata dominated period and a N. incompta dominated period are clearly discriminated and distinct at both sites ( Fig. 3A ; Tables 4 and 5). They indicate two different climatic and oceanographic periods in the western Alboran Sea. Additionally, benthic foraminifera show clear separation in both mud volcanoes according to (1) a warmer pelagic fauna (G. inflata period) dominated by G. subglobosa, U. mediterranea, B. marginata, and B. difformis, and common for the two mud volcanoes. (2) A cold pelagic fauna (N. incompta period) dominated by U. peregrina, G. subglobosa, B. marginata, and H. balthica at Maya MV, and (3) a cold-water fauna (N. incompta period) associated to cold-water corals and dominated by B. difformis, U. peregrina, Cibicidoides spp., and D. coronata at Dhaka MV (Figs. 3B and 5; Tables 6 and 7) . Therefore, since the cold-water corals development on the two mud volcanoes occurred at different times, we discuss the two settings separately to assess, if these ecosystems responded to similar paleoceanographic settings and if a causal link to more extended or even global paleoceanographic events exists.
Maya mud volcano
An indication of the paleoceanographic conditions of surface waters can be obtained by the distribution patterns of planktonic foraminiferal assemblages. The sediments corresponding to the coralrich layer span a time interval from slightly older than 15583 ± 185 years BP to 7613 ± 38 years BP. They were deposited on the top of the mud breccia and are dominated by N. incompta with very low contribution of warm water species, e.g., Globigerinoides spp. (Figs. 2C and 3A; Tables 4 and 5) . This time interval corresponds to the deglaciation including the Bølling-Allerød period, the Younger Dryas, and the Early Holocene (Fig. 6 ). These sediments also contain a few specimens of D. coronata, U. peregrina, B. marginata, H. balthica, and A. angulosa ( Fig. 3B; Tables 6, 7 ). This assemblage indicates an environment characterized by enhanced nutrient supply to the surface of the Alboran Sea (e.g., Rogerson et al., 2008) and by cool and nutrient-rich waters at the sea floor, as corroborated by high total organic carbon values in the Alboran deep basin (e.g., Jimenez-Espejo et al., 2008; Rogerson et al., 2008) . At present, the Alboran Sea is considered as one of the highest productivity areas associated with upwelling activity (Morel, 1991; Jimenez-Espejo et al., 2008) in the otherwise oligotrophic Mediterranean Sea (Cruzado, 1985) . The occurrence of a few specimens of D. coronata indeed, underlines the presence of cold-water corals following its interpretation as an indicator species (Margreth et al., 2009 ). However, its low contribution may point to a reef of limited extension, but in coral facies of the Santa Maria di Leuca coral reefs, Rosso et al. (2010) also observe D. coronata only accessory with b1% of the total assemblage. It is obvious that the state of coral reefs in the Mediterranean is different from that observed in the Atlantic with less biodiversity (Taviani et al., 2005; Mastrototaro et al., 2010) and being at the limit of environmental stress, especially temperature. Similar findings from the Skagerrak support this interpretation. There, the small coral reefs are under the influence of the isostatic balance of the glacial rebound of Scandinavia lifting the lithosphere and bringing the corals continuously under the influence of the low-saline Baltic water (e.g., Lambeck et al., 1998) . Foraminiferal assemblages in the coral facies have only a small contribution of D. coronata, which indicates that the abundance of this species mirrors similar ecological requirements as the corals.
The early Holocene is characterized by fresh and wet conditions in the Mediterranean region based on isotope studies on speleothems (e.g., Frisia et al., 2006; Zanchetta et al., 2007) . According to JimenezEspejo et al. (2008) and Pérez-Folgado et al. (2003) these conditions ended between~7.7 and~7.2 ka BP, when a major oceanographic change occurred, giving rise to the modern setting of eddies and frontal circulation patterns of the Western Mediterranean Sea. The abundance curve of N. incompta from Maya MV reverses its trend with respect to the Globigerinoides spp. and G. inflata at 85 cm, 13 cm above the sample dated with 7613 ± 38 years BP (Fig. 2C) . A similar reversal was also observed at about 8 ka by Rohling et al. (1995) and at 7/8 ka by Rohling and De Rijk (1999) , and was attributed to a deepening and strengthening of the pycnocline/nutricline between the AW and the light MW due to the onset of modern oceanographic conditions (Fairbanks and Wiebe, 1980; Fairbanks et al., 1982; Reynolds and Thunell, 1986; Weaver and Pujol, 1988; Sautter and Thunell, 1989; Rohling et al., 1995) . Our data confirm the age of the circulation shift and allow linking it to the end of the African Humid Period with precipitation decline and aridification, which started as early as 7-8 ka in many North African areas (Liu et al., 2007) . The slight discrepancy in the age between this study and literature may be due to two factors: 1) an additional reversal younger than that observed in Rohling et al. (1995) cannot be ruled out; and 2) Rohling et al. (1995) derive their age model on core KS310, eastern Alboran Sea (36°25′ N, 2°05′ W), from three non-calibrated data points obtained by Pujol and Vergnaud-Grazzini (1989) on core KS8232, adjacent to core KS310. The hemipelagic drape above the interval, where the reversal of N. incompta occurs, contains dominant G. inflata and reflects paleoceanographic conditions more similar to the modern ones with a relatively deep pycnocline between AW and light MW (~200 m) and a surface layer containing actively meandering jets of Atlantic Waters (Rohling et al., 1995) .
Dhaka mud volcano
The coral-rich interval at Dhaka MV developed between 4175 ± 62 and 2230 ± 59 years BP and contains planktonic and benthic foraminiferal assemblages similar to those observed at Maya MV. Planktonic assemblages are dominated by N. incompta, suggesting a shallow pycnocline/nutricline and high nutrient availability ( Figs. 2A and 3A) . The benthic foraminiferal assemblages contain abundantly the coldwater coral associated D. coronata (Margreth et al., 2009) , together with other epifaunal species and A. angulosa. The presence of this species points towards an environment characterized by high energy and strong currents (Mackensen et al., 1985) , important for the lateral transport of sufficient fresh food particles to the suspension feeding cold-water corals (Frederiksen et al., 1992) and conducive of their development and growth (e.g., Roberts et al., 2006) . This assemblage composition together with high abundances of D. coronata is comparable to those from the Atlantic cold-water coral reefs/mounds (Margreth et al., 2009) or the high-energy environments in the Gulf of Cadiz (Schönfeld, 2002) . Low diversity and low abundance of D. coronata at Maya MV are consistent with the reef facies at Santa Maria di Leuca .
The shift between the N. incompta and the G. inflata dominated assemblages is less abrupt at Dhaka than at Maya MV and is observed at about 30 cm (~2230± 59 years BP). The interpretation of this passage from high productivity and shallow pycno/nutricline to a more modern system dominated by less nutrient supply and a deeper pycno/nutricline is more difficult to explain with respect to the older event documented at Maya MV. Pollen records identify a progressive climatic aridity along the Mediterranean coasts between 6000 and 4000 years BP, roughly corresponding to the end of the African Humid Period at 5500 years BP, with dry conditions observed in the continental records (Barriendos and Martin-Vide, 1998; De Menocal et al., 2000; Swezey, 2001; Liu et al., 2007) . At about 4000 years BP the progressive development of complex human society occurred along the Mediterranean coasts (Roberts, 1989) resulting in a drastic anthropogenic-related change in the natural vegetation in the Eastern Mediterranean Sea. This change is clearly detectable in pollen diagrams (Van Zeist et al., 1975) and culminating at about 3400 to 2400 years BP (Roberts, 1989; Baruch, 1994) . Riehl (2009) observed consistent changes in vegetation at about 2000 years BP in correlation to increased aridity along the Eastern Mediterranean coasts. The desiccation and the reduced vegetation cover might cause enhanced erosion and could be responsible for the higher sediment input, indicated by high linear sedimentation rates on both MVs at around 2000 years BP. Therefore, this early human impact, mainly recorded in the Eastern Mediterranean, may have also affected the Fig. 5 . Benthic foraminiferal assemblages derived from the three nMDS clusters in cores TTR17-MS411G (Dhaka MV) and TTR17-MS419G (Maya MV). Red: pelagic benthic foraminiferal community; green: pelagic sediments with a higher nutrient supply and higher abundance of low oxygen tolerable foraminifera; blue: attached-epifaunal species typically associated to cold-water coral reefs. 1) G. inflata period, 2) N. incompta period, 3) mud breccia. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) western basin as a combined effect of indirect human impact on a fragile environment already stressed by desiccation. So far, no coral ages of less than 7000 years have been observed in the Alboran Sea (Fig. 6) .
Mud volcano related seepage activity
Hovland and Thomsen (1997) proposed a relation between the development of cold-water coral ecosystems and seepage of light hydrocarbons as trigger of local primary production. In this context, the mud volcanism in the Alboran Sea has the potential to support coldwater coral ecosystems as many mud volcanoes in the region are still active, e.g., the Carmen mud volcano, where gas bubbling was documented during the TTR-17 Leg 1 (Ivanov et al., 2009 ). However, Becker et al. (2009) showed that the presence of cold-water corals is not primarily due to nutrients linked to seepage activity but rather to the formation of seep-related carbonate crusts on elevated topography characterized by intense bottom currents and mixing resulting in increased food supply (Roberts et al., 2006) . The Dhaka and Maya mud volcanoes are presently not active, and are therefore difficult to test for a possible relationship between seepage, nutrient supply and cold-water corals. However, oxygen and carbon isotopic values of Discanomalina coronata tests from the Dhaka MV (Table 3) do not show the strong isotopic anomalies reported for foraminifera associated with methane seeps (e.g., Sen Gupta et al., 1997; Rathburn et al., 2000; Hill et al., 2003) . Therefore, the isotopic data do not lend support to important hydrocarbon seepage on the Dhaka mud volcano.
Conclusion
Cold-water coral-rich layers were found on the top of the Dhaka and Maya MVs in the Alboran Sea. On both mud volcanoes the extruded mud breccia provides the nucleation point for the colonization and development of the corals. The co-occurrence of cold-water corals and the benthic foraminifera D. coronata together with the associated in-and epi-fauna as observed in the Porcupine Basin and on the Rockall Bank (Margreth et al., 2009; Fig. 5) suggest that these ecosystems are in situ. Two phases of cold-water coral growth are observed: at Dhaka MV corals occur between around 4200 and 2200 years BP and at Maya MV between around 15,600 and 7600 years BP. The development of these ecosystems at different times on two mud volcanoes that are geographically close may probably relate to the nature of the substratum, which plays an important role for the cold-water coral colonization.
Data further suggest that only a small reef and/or isolated corals proliferated on the top of the Maya MV, whereas a more extended reef colonized the top of the Dhaka MV. At both mud volcanoes the coldwater coral development is related to times characterized by high nutrient availability as indicated by high abundance of planktonic N. incompta, which could have been triggered by upwelling and/or strong currents mobilizing horizontal nutrient fluxes. The shift from the N. incompta to the G. inflata dominated period, which reflects changing hydrographic conditions with a deep pycno-nutricline, occurs at the transition from wet to arid climatic conditions at the end of the African Humid Period at Maya MV. At Dhaka it is coeval with the initiation of complex human societies along the Mediterranean coasts with consequent impact on the natural vegetation culminating at about 3400 to 2400 years BP.
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